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EFFECT OF VELOC IT' AN': TEMPERATURE
YLUCTUAT'LONS ON PITOT PP(qBE MEASUREMENTS

IN COMPRESS•AB" FLOW

James [4 ])arnborg

ABSTRACT: The effect of veloci..y and temperature fluctuations
on the pressure indicated by a Pitot probe has been analyzed
fox the compressible case assuming negligible static pressure
fluctuations. This analysis is based on the assumption that
the Mach number fluctuation in the free stream ahead of the
probe affect the Pitot pressure directly. As a result, the
measured Pitot pressure divided by the static pressure is not
just a function of the average Mach number and the ratio of
specific heats as it is in steady flow. In order to correctly
interpret Pitot pressure measurements in a turbulent boundary
layer it is necessary to separate from the measurements the
effects of the Mach number fluctuations,

The results of the analysis show that the velocity fluctuations'
directly and also via the tbmperature fluctuations, cause the
indicated Pitot pressure to be greater than the Pitot pressure
associated with the time average velocity and temperature*
Velocity fluctuations cause an increase in the Pitot pressure
in proportion to the mean of the square of the fluctuation as
is already known for incompreisible flow, The role of the
temperature fluctuations is to increase the effect of the
velocity fluctuations on the measured pressure. Heat transfer
into the wall, acting through the temperature fluctuations,
has a reverse effect.
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Effect of Velocity and Temperature Fluctuations on Pitot
Probe Measurements in Compressible Flow

This report is a theoretical analyais of the effect of fluctu-
ating velocity and temnperature (as Lu turbulence) on the
measurement of Pitot pressure in compressiblo flow. This
type of information has applica•i•n in estimating possible
measurement errors in experimental hypersonic turbulent boundary-
layer researeh. Tn .ocb research it is particularly important
to measure the Pitot p'.-uzure accurately in the vicinity of
t1se wall becauw suph in %ntportasit parameter as ekin friction
is sensitive to this measurb,.2., The results of the analysis
indicate that velocity fluctu-.Aons directly and also indirectly
through the temperaturo fluctia*ions increase the Pitot pres-
sure above thu Pitot presoure associated with the time average
velocity and temperature. Therefore, if accurate pressures
are required, this effect nust be considered.

This analysis waG performed in connection with the experimental
program of measuring the characteristics of the hypersonic
turbulent boundary layer which is jointly sponsored by the
Bureau of Naval Weapons under Task No. RMGA-42-034/2)2-1/
F009-10-001 and Special Proj'ect Office, Bureau of Naval
Weapons under Task No. PR-9.

W. D. COLEMAN
Captain, USN
Commander

FLORIAN GEZIEDER
By direction
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An coef'%pients defined in equation~ (18)

b

C velocity of sound

Cw velocity of sound based on wall temperature

(110 specific heat at constant Pressure

M Mach number

p static pressure

p0  Plitot pressure

150 Pitot presslire associated with

R gas constant 4T 'V'
RTV correlation coefficient

If 0 total temperature

To 00free-stream total temppraturp

TW wail temperature

U x-component velocity

U00 free-stream velocity

V resultant velocity

X co-ordinate parallel to the wall

v co-ordinate normal to the wall

Y ~ I~W-' y non-dimensional wall distance

iv



NOLTR 61-23

a defined in Lt,.ble I

B 2C9 dPfo

ratio of specific ho~ats =1.4

boundary--layer total thickness

e arigle between instanta~neouis velocity vector and
U - component

Pw viscosity based on wall temperature

Pw density based on wail conditions

T-,W shear stress on the wall

a bar over any syxlboi indicatp~s time average

aL poi ie after any symbol indicates the fluctuating

part of the quantity indicated by the symbol

Subscripts

in Tmax- Lnufi value

0o free-stream conditions

V
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I*The dir(cct m'asreiien o' lo' slurbreS_' -t;

difficult tinder any coacdition bu~t part.Zcularly so ia. byper-
-riiii turbulent boundary layers. The iiudirect method of
--,.iujing skin fricti~on from,, boundary-laycr surevs 're-r

simpler to perform e-iperimentally than employing a
friction balan: a. For exnimiple, the wall shear stress can be

'-ulated iron

where 1jL - coeffi~cient of vi-oity based on Tw
Cw. - velocity of sound based on Tw~

'iwhere (4 Al,"'O Y)w is the Mach nuirber gradient based on
ey-crapolation o..? the Mach number profile to Lrc walls The

.aiach number profile iL. obtained from Pitot probe surveys and
tne local -tatic pres!-: - There are, however, questions
concerninar the Intern---. at-ion of these probe m-r-snirements in
a turbulenrt flow..

2. In steady laminar flow, the pressure indicated by a
Pitot probe can be related to the local Mach number because
tile Pitot p~ressure uniquely depends on the square of the Mach
number 4n Lhe fLree stream ahead of the probe. For example,
in compressible f low (M~1)

PiD:Z±-- M (2)

and in supersonic fluow (Rayleigh Pitot Fornmil1a h!l)

-~~4 
1- I y- 3

L 2JN

3. A problem exists, however, when the flow is tt.rbule-t
because the fluctuations in the fil-eC stream ahead of the p-,--
affect the pres~ure indicated by the probe. Even close to
the wlin the laminar sublayer region, existing experimental
dat~a indicate that the fluctuations are large c-mpared with
the mean value. The following is an estimate of the effect
these fluctuations -al c on the prcbe reading with particular
attention to the regiOn ziear iiie wal-l in a __uPersonic turbu-
lent boundary layer.



ur~ior't is "o;- obvious from the relation between the

(eqs.42 and (3)) what type of relati-on exists between the

yime average Pictot pressure and the time average Mach number. '4 Tf it is as timed that eauations (2) and (3) hold instantaneously
for the time dependent quantities, then a particularly simpie

relation is obtained if both equations (2) and (3) are approxi-H

I - (4)

This apprcoxi:1)atiorl predicts the uniform flow Pitot pressure
within 13 percent in the region 0 !!M 75S 2 (sec fig. 1). This
range ot Mach number is acceptable for the present purposes
because the region of particu lar interest in the turbulent
boundary layer is near che wall whicru Lhe Mach number is two
or less. The probe rxeading then is simply the time average
of the ins-tantaneous pressure (ea. (4)).

F'+- +M 2  (5)

5. So-me Justification can be given in the subsonic case
for omploying the time averpge of the approximation to equation
(2). That is, it the time average is taken of the time de-
pendJent momentum equation along a streamline, written in terms
of the total to static pressure ratio and Mach number, the
result obtained is equation (5). This might bbe expected since,
in tne incowpressible case as considered by Goldstein. the
same kind of result is obtained (ref. (a)).

6. It is, however, much more diffievlt to show that
equation (3) is valid. in Lh;-. presence u! Lurll-lence. Generally
it is assumed that equation (3) does hold for slowlv changing
flo'- conditions. In this connection several thevretical
papers (refs. (b), (c), and (d)) concerned with, t~he changes
produced in a shear ;'.avc as it passes through a shock wave
s~i-r with the assumption that the stvady state shock-wave
reiations (Rankine-Hugoniot relations) hold instanta'aeously
ior the flow variables as they pass through the shocký waves.
1-ihiprent in this assuimption are the limitations that the
(listuribances are small an~d that the rates of change of the
,low variables arc much "slower" than, the speed with which
the sh~ock wave is able to adjust to the nepw coflditioih5. This

isan area where more experimienza1 wok is nedUi odrt
qualitativr-ly detc-riikirt the liai~tations.

2



NUTI J.." G1-283

7. T1herefore, in the absence of contradictory experimental

following approximate calculations.

8., ihe average pressure in equation (5) depends on 1
and not on M2so that -if the instantaneous Mach number can be
written as a. mean value plus a fl'-uctuzating- copnw' thwn.
Mi2 JE larger than .i byteaout .2 The static pressure
has been assuin-d uoi'u;tant through 'the boundary layer and
:. iidopendent of the fluctuations, A brief discussion justifying
this assumption is given by Kistler in reference (e) in con-
nection with the interpretation of hot-wire measurements. If

P' is defined as a Pitot pressure associated with a Mach number

M corresponding to the time averarge velocity and total tempera-
ture,-

P_/ P =IJ~=4 ( /2 \(6)

then equations (5) and (6) can be combined to -rve:

Q* /~ - IT(7)

The problera of 'inding p,/ reduces to estimating Mf2/,M2 .

FORMULATION OF 0 2 - RELATION

9. The instantaneous Mach number squared can b~i written:

M (8)

where the instantaneous static temperature is:

TT V `/iz C, (9)

In this formula V is the magnitude of the resultant Velocity

vector which can be written:

U == V Cos (10))

X--F the cross components of the fluctuations nro smilH then
is nearly equal to U, Ibecause the angle between V and U is

3
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sma1i1. When each of the variables in equations (3) and (9) is

'~jy+U
-T 4- Io

and when the scunrp of the Mach number is formisd from Ti- and
TO as follows (cos 0 1):

2 (12)
-V A i 0 /2/ Cc

(Note that M is not necessarily equal to the time average
Mach number but is a Mach number associated with the time
average To and U.)

then substitution of equations (9), (i1), and (12) into equation
%(8) results in

•Z DY =R T ̂ u ) 3 R ( + -T , (U + Z C
p ', u ~u

U1
9V 1 (3M. I+2---

,-,,1 [TO- U 2• COl•

10. The total temnerature fluctuations can be apnrodimated

by con-sidering a small element of volume in the boundary layer

with properties "'0'o, rl, u1 (eiemen. (1)) wilicil ib 'Uing dis-

placed by a component in velocity normal to the mean stream-
lines into another region. In the new region just before the

introduction of the fluid from elemnnt (.)'Il the properties were
T0 21 T2, U2" A stationary observer in the latter region

observes fluctuations in each property, namely U2 - UI,
In - ToI, '2 - T1 . This suggests the possibility of relating

the fluctuations in T and TO to the iluctuations in U. If
it is assumed that the average total temperature is Iust a

function of the average velocity, a concept carried over from
lauinar boundary-layer theory; and if U' is a small velocity
differencP between the two regions of fluid, then the differ-
ence in To between these s- -n two !av~rs of fluid can be
aDoroximmated by:

S=U (14)

4
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Using th&, definitions.*

E C.': -- 7-

Sb =

,,,~~~A N.J!2/)• 'a
equation (13) can be written:

2 

+

If the division in equ-t:!ion (16) is performed Lhere results
an infinite se'ies of "he folzm.;

2= Ao +A,7 +AA712 "F A-. + 3+' A +
='2 (17)

where I

Ab,+ "Z-3)A2  ( 18

A2. = bA + 
(1)

A, = A- + b - IAh_, . .>

equation (17) converges for EM - 2 if 6 - 0 and Mt -' 1.0 (see
Appendix A). When B > 0 i.e., heat transfer into the wall,
thn rarive of convergence is increased. In order to obtain
numerical results it is assumed that M' and thus 71 are so small
that terms in equation (17) of higher order than A2 r)2 are
small. If then, the time average is taken of equation (17)

one obtains the result:
S,+ ±b +b(2-/3)(2+b(2-,3))JN (19

SEquation (19) can be used in conjunction with equation (7) to
estimate the Pitot pressure ratio correspond to the average- low conditions o and 'I t is 0 u .no.,.w n ..

- - -irn -zn A ýU ,niict 1iP firct Pqti-

mated in order to calculate b, but fo r'iately, the iteration
converages rapidly. An estimate ba" ' on the measured Pitot

pressure ratio (ps/p) ts a good first choice,

5
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'i n oider to. comple-te the calculation, valuecs of rI2
areQ reauiica for the complressible cnz- irn nvailable corn-
-res si 1A -h oundary-layer information on this quantity (refs.
(~ e), (f-)L, and (g)) is limited. Measurements closest to the E

wall are at a yl- 80. ~'ie magnitude of (V/') is, in general,
W 't-n the scatter of the incompressible data,"lhuh ite'

data (ref. (e)) does indicate a decrense of (/) 2 with in-
creasing, Machi number. Beccause of this, it appears reasonable
and conservative to employ the incownpress~bie data (fig. 2)
near th.- laminar sublayer where similarity in the u+ versus y
profile is expected even in the compr're AP' Cae

C0MPAIRIS0N WITirl hOT-v,,IRF EXPERIMENTS

12. Before calcu3.atin~r the effect of thce velocity and
temperature uu~on n U_-U P4'. Lot pressure measurements,
the relation between temperature and velocity employed in the
above equations will be compared with the experiments of
Morkovin and Kistler (refs, (I') and (g)). The temperature
fluctuations can De expressed bY

6-i1~g(l)+(~Z (20)

The root-mean-square vatues of the left- and right-hand side
of this equation and neglecting higher order termq provide
a relat io bteen te-mpcrature and velocity fluctuations.

2 2-(21)

13. FigUre's 3 and 4 show tshe measurements of refe enceU
(f ) of the rms W1'/U and rmns T'/r, respcctivf-iy. Thid line
drawn in figure 3 represents the mean of the data, The
velocity fluctuation distribution represented by the line

was then transforw~ed by equation (21) into tempera-ture
fluctuations and plotted in figure 4. The required value ofI
B was computed from the mean profiles P- given in the reference.
As figure 4 illustrates, equation (21), estimates both the mag-
nitude and the trend of thle data. A sJ.rtilar calculation was
performed on the data of reference (g) and the resulting cal-
culated points are shown with the measurements in figure 5.U
Ir this case each point was transformed into temperature
fluutuaiion.-- The agreement is again good,

14. 'rhe correlation coefficient as calculated from the
above equations also compares favorably with the experiment ofI
reference (b), that is:

6
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R T,, T'- (22)

"VT " U*

This result was to be expected since. similarity in the mechanism
of h.at and -,omP:ItUnr transfer was assumed. The measured cor-
relation nneffieicnt I•TU,,, (ref. (f)) is shown in figure 6 and

is between -. 85 and -. 90. Kistler in reference (g) also
indicates that the correlation coefficient is about -. 7.

ALCU-• AT C OF PITOT PRESSURE CORRECTIONS
AND I)ISCUSSION OF FESULTS

15. Basically, equation (19) can be combined with equation
(7) tnod by using the incompressible rms U'/15 versus y+ values
"-,he e#_'ror in Pitot oressure due to 6ie fluctuations can be-I obtained as a function of the local average Mach number and
heat transfer. However. because if the number of parameters,
it is not possible to give a -,omplete picture of the effect
and each situation must be computed separately. Nevertheless,
the results can be illustrated by calcuta*tng the percentage
change ii, Pitot pressure as a function of local Mach number for
different fluctuating velocity levels and by assuming the total
temperature fluctuations are zero. This last assumption
(i.e., B - 0) corresponds to zero heat-transfer conditions inthe analysis leading to equation (]4). The effect of positive
6, the most important practical case, is to decrease the error
in pressure, Tables I and 2 contain the result of suc)
onmnutstion hn.pri n-i ru.t ;ns (7)ý .nrd ( 9)

16. In order to demonstrate the effect of his analysis
as it would be applied, tne following example has been calcu-fated. Shown ik figure 7 (curve A) ale the Ilitot pressure

ratio measurements in a region extending from the %;ali to 1/2
mm into a ,ach *number five turbulent boundary layer (ref. (i)).
The pressure tends toward the static pres. at the wall.
The solid line drawn through the data represents an arbitrary
interpolation for which the corresponding skin-friction coef-
ficient is 12.3 x 10-4. The difference between curve A and B1
is the correction to the Pitot pressure when equation (19)with 3 = 0 and equation (7) are used in connection with figure
2. The solid line through this data corresponds to a skin-
friction coefficient of 10.8 x 10-4 or a reduction of 12 per-
cent. This calculation assumes ne~fligible totql tomnporntir-
fluctuations. The curve marked C includes the estimated
total temperature fluctuations and was computed using equat.ons
(7) and (19) and figure 2. The skin-friction coefficient in
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this case ts 8.5 percent below the original data. The totul
temperature gradient at the wall divided by the velocity
gradient at the wall was used in calculating B,

17. It is necessary to make a remark about the application
of the above effects within the laminar sublayer. In that
region the percentage velocity fluctuations reach a maxinum.
However, the fluctuations are generally believed to be basically
one dimensional without the cross components that are cha-ac-
teristic of turbulence although this has not been conclusively
proven. If, however, it is true, then the convection of fluid
normal to the mean flow does not take place and the effects
associated with heat transfer are not involved. That is,
under this assumption, even with B not zero, the heat-transfer
term should not be retained in the laminar sublayer.

8
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Table 1

POSSIBLE ERROR IN PITOT PRESSURE

(Zero Heat Transfer (B - 0))

(u,/U) 2

U a .05 ,10 .15 .185

0.00 1.00 0.0 0.0 0.0 0.0
0.5 0.26 .o098 .0194 .0288 0352
1.0 2.16 .0486 .0923 .1323 .11582
1.15 4.06 .1255 .2292
2.0 7.56 .2372

. PP, P ., . . _

iF/3=o AND-J 1-.4
2• 4=4

CC toM
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STable 2

ROOT-MEAN-,.QUARE MACH NUMBER FLUCTUATIONS M'-

mI .0 I 15 .185

o~ o . ~ I~
0.00.0 0.0 0.0 11

0 5 .125 .178 .217 .241

'1.0 I ...3285 t464 .669 .632
1.5 .724 1. 024
2.0 1.229

lml

/ /
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APPENDIX A

A- 1. The foregoing analysis developed to estimiat4. the

-f'r-C of Ma-ch number fiuctuatit.ns on th- J,',tor. p's.;ure does

not apply if the expans'.ou of equation (IC) into the infinite
series equation (17) does. not converge. The following anialysis
indiontes the series does converge in certain ranges of

and b. These ranges can bh calculated as follows.

A-2. Given the infinite

- •. 9 Ao '+ttlM "
where AO I

A, A, +

IZ18

Such, a series converges absolutely if in the limit as n approaches
infinity, the absolute value of the ratio of successive terms of
the series is less than unity, i.e.,

r, "0. 0o I(A-l)

From (18):

* b A ' , 1 + 1- -P ) ' i

W Substitute for A.I
AV%, = 6 An_+. + •(Z ./3)A,,

lA H I I[,
-- •'1 + (2-/3)(A_/.4..,_ I'

A(--3)

.t-..
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A-30  .1niaJý can be placed on thc magnitude oi i b
assuming th,? Mach unumber flurt12ntionc are sub--ri n~ do 'not
affect the static pres-otre. From er~uaticn (15)

Where NP 1. the maximaum valu.e that P, can have is

A ~ (A4)

Thus, ithe sjr r- converges when tlhe m~aximum.. vaalue of the ccel--
ficient ratio is:4

Y1~ -V CO ( -5-I FKw ,
In the lirimt as n ou the following also holds

t,4 V%% (A-6)

Substitution of equations (A-5) and (A-6) into equation (A-3)
results in an squotion governing the wnaximum values of b and

B such that z

(A.-7)

If consideracion is 1imirried to values of <2 cvery term in
equation (A-7) is positive and the absolute sign can be droppeu.
After rearrangement the condition on M and 6 ý-n order that the
-'ris covere -;"ý-- utely is

r4% (A-8)

or if'l 1.4

M 2--. -n(A-9)

A-2
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A-4. T'he results are s;ummarized in the frollowing ta~ble.

Heat transfer -1.0 1.33

f -nn the wall -0.5 1.60

I mMAdiabaLic -0.0 2.00

Ua'at transfer I' 0.1 2.10
to the wall C' :2 22

C;,5 2,067
1.0 4.,00

- I 1.5 8.100
2.0 cqcf

A.-3

WEE-- -
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